Integrin α3β1-Dependent Activation of FAK/Src Regulates Rac1-Mediated Keratinocyte Polarization on Laminin-5  by Choma, David P. et al.
Integrin a3b1-Dependent Activation of FAK/Src
Regulates Rac1-Mediated Keratinocyte Polarization
on Laminin-5
David P. Choma1, Vincenzo Milano1, Kevin M. Pumiglia1 and C. Michael DiPersio1
Upon epidermal wounding, keratinocytes at the wound edge become activated, deposit newly synthesized
laminin-5 into the extracellular matrix, and migrate into the wound bed. The interaction between integrin a3b1
and laminin-5 is essential for establishment of a stable, leading lamellipodium and persistent keratinocyte
migration. We previously showed that integrin a3b1 activates the Rho family GTPase Rac1 and regulates Rac1-
dependent formation of polarized, leading lamellipodia in migrating keratinocytes. In the present study, we
explored the role of focal adhesion kinase (FAK) and src signaling in this process. We show that overexpression
of the FAK inhibitor FAK-related non-kinase or of the FAK(Y397F) auto-phosphorylation mutant, induced
abnormal, non-polarized spreading of keratinocytes on laminin-5. Integrin a3b1 was required for full FAK auto-
phosphorylation at Y397, and subsequent src kinase-dependent phosphorylation of FAK at residues Y861 and
Y925, sites responsible for promoting signal transduction downstream of FAK, indicating that a3b1 regulates the
coordination of FAK/src signal transduction. Inhibiting either src kinase activity or FAK signaling interfered with
a3b1-mediated Rac1 activation and polarized cell spreading. These findings reveal a novel pathway in migratory
keratinocytes wherein a3b1–laminin-5 interactions regulate src kinase signaling through FAK, promoting Rac1
activation and polarized lamellipodium extension.
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INTRODUCTION
During cutaneous wound healing, wound edge epidermal
keratinocytes become highly motile, depositing newly
synthesized laminin-5/laminin-322 (LN-5) onto the extracel-
lular matrix (ECM) as they migrate into the wound (Nguyen
et al., 2000b). Similarly, cultured keratinocytes at the edge of
a scrape-wounded monolayer or epidermal outgrowth show
characteristic phenotypes of activated wound edge cells,
including new LN-5 synthesis, enhanced gap junction
communication, and polarized protrusion of lamellipodia
(Lampe et al., 1998; Nguyen et al., 2000a; Choma et al.,
2004). Integrins are the major receptors for cell adhesion to
ECM, and they play critical roles in cytoskeletal dynamics,
cell polarization, and cell migration (Hynes, 2002). Studies
with integrin knockout mice have revealed important roles
for b1 integrins in polarization and migration of epidermal
keratinocytes in vivo and in vitro (Grose et al., 2002; Raghavan
et al., 2003; Choma et al., 2004). Interactions between integrin
a3b1 and LN-5 play a particularly prominent role in establish-
ment of a stable, leading lamellipodium and initiation of
persistent cell migration that is characteristic of activated
keratinocytes (Choma et al., 2004; Frank and Carter, 2004).
However, signaling pathways that link integrin-mediated
adhesion to keratinocyte polarization are unclear.
Keratinocytes normally migrate as a contiguous sheet
within which cell–cell adhesions are maintained by cadher-
ins. However, individually migrating keratinocytes display
gene expression profiles and a polarized morphology that are
characteristic of activated cells at a wound edge, indicating
that cell–ECM adhesions are sufficient for many aspects of the
activated phenotype (Choma et al., 2004; Frank and Carter,
2004; Harper et al., 2005). Thus, analysis of individually
migrating keratinocytes provides a powerful experimental
system for dissecting integrin-signaling pathways that reg-
ulate epithelial cell polarization and formation of stable
leading lamellipodia.
The polarized morphology of a migrating cell is established
and maintained by intracellular signaling events that control
lamellipodium extension at the leading edge and cell
retraction at the trailing edge (reviewed by Ridley et al.,
2003). Directional migration is maintained through localized
changes in integrin-signaling complexes that effect differential
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regulation of Rho family GTPases and cytoskeletal remodeling
along the anterior–posterior axis of the cell. Restriction of Rac
activation to the leading edge of a migrating cell promotes
stable formation of a leading lamellipodium (Nobes and Hall,
1999; Ridley et al., 2003). For example, the localization of an
a4 integrin–paxillin–Arf-GAP complex restricts Rac activation
to the leading edge in some migrating cells (Nishiya et al.,
2005). However, this mechanism involves a direct paxilli-
n–integrin interaction that is specific to a4 integrins (Liu et al.,
1999), which are restricted to certain cell types. Therefore,
there are likely to be distinct mechanisms in keratinocytes
whereby integrins activate Rac1.
Focal adhesion kinase (FAK) regulates cytoskeletal re-
organization in response to many integrins (Cary and
Guan, 1999). Studies of FAK-deficient cells have established
a role for FAK in lamellipodium formation, focal adhesion
turnover, and cell migration (Ilic et al., 1995; Tilghman et al.,
2005). Furthermore, FAK is overexpressed and highly
activated in invasive tumor cells (Agochiya et al., 1999),
and epidermis-specific knockout of FAK suppresses tumor
formation and progression in vivo (McLean et al., 2004). FAK
functions as an activatable scaffolding platform for the binding
of signaling and adaptor proteins (Schlaepfer and Mitra,
2004). For example, upon integrin-mediated adhesion FAK is
auto-phosphorylated at Y397, which serves as a binding site
for the SH2 domain of src family kinases. Once recruited to
FAK, src kinases phosphorylate other tyrosine residues on
FAK, some of which serve as binding sites for signaling or
adaptor molecules that activate downstream signaling path-
ways (Schlaepfer and Mitra, 2004). Among these residues,
Y861 is thought to enhance auto-phosphorylation of FAK (Leu
and Maa, 2002), and Y925 leads to extracellular signal-
regulated kinase 1/2 (ERK1/2) activation through binding of
the Grb2 adaptor protein (Schlaepfer et al., 1994). FAK also
contains several conserved motifs that bind other adaptor
proteins, such as p130cas (Cary and Guan, 1999).
Using keratinocytes derived from integrin a3-null mice,
we recently demonstrated that a3b1 is required for stabiliza-
tion of initial protrusions into polarized lamellipodia, and that
this polarization is a pre-requisite for persistent cell migration
(Choma et al., 2004). We also identified a requirement for
Rac1 in a3b1-dependent keratinocyte polarization (Choma
et al., 2004). In the current study, we identify a novel role for
a3b1 in the activation of FAK/src signaling that promotes
Rac1-mediated polarization of keratinocytes on LN-5.
Although adhesion-dependent src kinase activation occurred
in the absence of a3b1, src-dependent phosphorylation of
FAK residues Y861 and Y925 required a3b1, indicating that
a3b1 enables activated src kinases to signal through FAK.
Furthermore, FAK/src signaling was required for full Rac1
activation and polarized keratinocyte spreading, linking
a3b1-mediated activation of FAK/src to Rac1-dependent
formation of a leading lamellipodium. a3b1-dependent
activation of ERK1/2, which we previously linked to
keratinocyte survival (Manohar et al., 2004), also required
src signaling; however, ERK signaling was not required for
cell polarization. These findings support a model wherein
interaction of a3b1 with LN-5 promotes FAK/src signaling,
leading to activation of divergent pathways that regulate
distinct functions in epidermal keratinocytes.
RESULTS
Inhibition of FAK leads to abnormal keratinocyte spreading
Three keratinocyte cell lines were used in this work: mouse
keratinocyte (MK)þ /þ cells were derived from a wild-type
mouse, MK/ cells were derived from an a3 integrin-null
mouse, and MKa3 cells are MK/ cells transfected stably
with human a3 (DiPersio et al., 2000a). To test the effects of
inhibiting FAK on keratinocyte spreading, we infected MKa3
cells with adenovirus encoding green fluorescent protein
(GFP)-tagged FAK-related non-kinase (FRNK), which inter-
feres with endogenous FAK function (Heidkamp et al., 2002).
In addition, we tested a GFP-tagged FAK mutant, FA-
K(Y397F), which is mutated at the Y397 auto-phosphoryla-
tion site and inhibits lamellipodium extension and migration
in other cells (Zhao et al., 1998; Owen et al., 1999).
Expression of GFP-tagged wild-type FAK (GFP-FAK(wt))
served as a control. GFP-tagged proteins were expressed at
5- to 10-fold higher levels than endogenous FAK protein, as
determined by quantitative immunoblot with an antibody
against the C-terminus of FAK that recognizes endogenous
FAK and each fusion protein (Figure 1a). These were the
lowest expression levels at which we were still able to detect
reduced phosphorylation of endogenous FAK Y397. As
expected, expression of GFP-FAK(wt) increased phosphoryla-
tion of endogenous FAK Y397 and was itself phosphorylated
at Y397, whereas neither GFP-FRNK nor GFP-FAK(Y397F)
was detected by anti-pY397, as they each lack this residue
(Figure 1a).
Parallel cultures of uninfected or infected MKa3 cells were
plated onto laminin-5 (332) (LN-5) ECM and cell spreading
was compared (Figure 1b–f). Adenoviral infection efficiency
was greater than 90% for all constructs, and at leastB80% of
cells were well spread for each condition, allowing us to
assess the individual effects of GFP-fusion proteins on
spreading morphology. Among spread cells, approximately
27% of uninfected cells assumed a well-polarized phenotype
with a large, leading-edge lamellipodium that is typical of
migrating keratinocytes (Figure 1b, left graph; example
shown in Figure 1c, g). Compared with uninfected cells,
MKa3 cells infected with GFP-FRNK or GFP-FAK(Y397F)
showed a substantial increase in the proportion of cells with
an aberrant spreading phenotype characterized by multiple,
randomly oriented protrusions (Figure 1b, right graph;
examples shown in Figures 1e, i and f, j). This increase in
abnormally spread cells was accompanied by a reduced
number of polarized cells. Abnormally spread cells often
displayed prominent actin fibers or bundles (i.e. Figure 1e),
possibly reflecting enhanced cellular contractility as reported
for FAK-null fibroblasts (Chen et al., 2002). Importantly,
abnormal spreading was not a non-specific effect of
adenoviral infection or GFP-fusion protein expression, as it
occurred in only 5–7% of uninfected cells or cells infected
with GFP-FAK(wt) (Figure 1b, right graph). GFP-tagged FAK,
FRNK, and FAK(Y397F) each colocalized with integrin a3b1
in lamellipodial extensions (Figure 1k–m), consistent with
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their known abilities to localize to focal adhesions (Owen
et al., 1999; Heidkamp et al., 2002; Tilghman et al., 2005).
These results indicate that inhibiting FAK promotes abnormal
keratinocyte spreading on LN-5.
Src kinase-dependent phosphorylation of FAK is regulated by
a3b1
Auto-phosphorylation of FAK Y397 is regulated by integrin-
mediated adhesion (Cary and Guan, 1999). Accordingly,
phosphorylation of FAK Y397 in a3b1-expressing MKþ /þ or
MKa3 cells was completely adhesion-dependent (Figure 2a).
Phosphorylation of FAK Y397 was reduced considerably in
a3b1-deficient MK/ cells on either LN-5 ECM or purified
LN-5 (Figure 2a), consistent with a role for a3b1 in FAK
activation. It is possible that the basal levels of adhesion-
dependent FAK activation in MK/ cells was mediated by
integrin a6b4, as adhesion of these cells to LN-5 ECM is
completely dependent on a6b4 (Manohar et al., 2004), and at
least one study has implicated a6b4 in FAK activation (Abdel-
Ghany et al., 2002). Alternatively, low levels of FAK
activation may occur in response to rapidly deposited
fibronectin or other endogenous ECM protein, as MK cells
also express several other integrins (DiPersio et al., 2000a).
The SH2 domain of certain src family kinases binds to
phosphorylated Y397 of FAK, allowing src to phosphorylate
Y861 and Y925 on FAK and create binding sites for other
signaling and adaptor proteins (Cary and Guan, 1999;
Schlaepfer and Mitra, 2004). Phosphorylation of FAK at both
Y861 and Y925 was adhesion dependent in a3b1-expressing
MK cells (Figure 2b and c). In contrast, phosphorylation of
Y861 and Y925 was reduced in MK/ cells adhered to LN-5
ECM or purified LN-5 (Figure 2b and c), demonstrating that
phosphorylation of these src kinase-dependent sites is regu-
lated by a3b1. A previous study reported that phosphoryla-
tion of FAK Y861 occurs independently of integrin-mediated
cell adhesion in highly metastatic prostate carcinoma
cells, whereas poorly tumorigenic cells showed adhesion-
dependent Y861 phosphorylation (Slack et al., 2001). We
have determined that the MK cell lines used in the current
study are not tumorigenic (J. Lamar and C.M. DiPersio,
unpublished), consistent with the adhesion-dependent Y861
phosphorylation that we observed (Figure 2b).
MKþ /þ or MKa3 cells treated with 4-amino-5-(4-chloro-
phenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) showed
complete inhibition of phosphorylation at both Y861 and
Y925 of FAK (Figure 3a and b, and data not shown),
indicating that src kinase activity was required for phosphor-
ylation at these sites. PP2 potently inhibited phosphorylation
of the stimulatory auto-phosphorylation site of src,
Y418, confirming inhibition of src activation (Figure 3d). In
contrast, PP2 had little effect on Y529 phosphorylation
(Figure 3d), as this src residue is phosphorylated by cellular
src kinase. Only a slight inhibition of FAK Y397 phosphor-
ylation was evident in PP2 treated cells when normalized
to total FAK (Figure 3c), perhaps reflecting a role for
src kinases in enhancing basal levels of FAK auto-phosphor-
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Figure 1. Inhibition of FAK results in abnormal keratinocyte spreading. MKa3 cells were infected for 48 hours with adenovirus expressing GFP-tagged wild-type
FAK (FAK(wt)), FRNK, or FAK(Y397F), then plated on LN-5 ECM under serum-free conditions for 90 minutes. Identical parallel cultures were (a) lysed to assess
expression of GFP-fusion proteins, or (b, c–f) fixed and stained for F-actin to assess cell morphology. (a) Uninfected or infected MKa3 cells were immunoblotted
with an antibody that recognizes endogenous FAK and each GFP-tagged fusion protein, as indicated (total FAK); identities of GFP-tagged proteins were
confirmed by immunoblot with anti-GFP (data not shown). GFP-FAK(wt) levels wereB10-fold higher, and GFP-FRNK or GFP-FAK(Y397F) levels wereB5-fold
higher, than endogenous FAK levels. Phosphorylation of FAK Y397 was assessed by immunoblot with anti-pY397. Equal loading was confirmed by immunoblot
with anti-keratin 14 (K14). (b) Graphs show the percentage of spread cells that were well polarized (left graph) or abnormally spread (right graph). Results
represent meansþ SEM, n¼4; *Po0.05 compared with uninfected control (one-way analysis of variance with Dunnett post-hoc test). (c–j) Corresponding
images of (c–f) tetramethyl rhodamine isothiocyanate-phalloidin/4-6-diamidino-2-phenylindole, (g) phase contrast, or (h–j) GFP/4-6-diamidino-2-phenylindole
are shown for (c, g) uninfected cells or for cells expressing (d, h) GFP-FAK(wt), (e, i) GFP-FRNK, or (f, j) GFP-FAK(Y397F). Arrows in (c, g) and (d, h) indicate
leading lamellipodia of polarized cells; arrowheads in (e, i) and (f, j) indicate randomly oriented protrusions in abnormally spread cells. Bar¼ 10 mm. (k–m)
Deconvolved images of a3 immunofluorescence (a3 column), GFP fluorescence (GFP column), merged fluorescence (a3/GFP column), or phase contrast (phase
column) are shown for MKa3 cells infected with (k) GFP-FAK(wt), (l) GFP-FRNK, or (m) GFP-FAK(Y397F). Arrows point to examples of regions where a3b1
colocalized with GFP-fusion protein. Bar¼ 10 mm. (Fig 1 continued on following page)
www.jidonline.org 33
DP Choma et al.
a3b1 Controls FAK/Src-Mediated Polarization
ylation (Cary et al., 2002; Leu and Maa, 2002). However, this
difference was not statistically significant in three indepen-
dent experiments.
Src kinase activity is required for keratinocyte spreading
on LN-5
To test the effect of inhibiting src kinases on keratinocyte
spreading, cells were incubated with PP2 before plating onto
LN-5 ECM-coated coverslips. PP2 potently inhibited post-
attachment spreading of both MKþ /þ and MKa3 cells
(Figure 4). This inhibition may not be accounted for solely
by a crippling of FAK/src signaling, as src kinase activity is
likely required for aspects of cell spreading that do not
involve FAK (Frame, 2004). Importantly, however, FAK Y397
phosphorylation was largely preserved in PP2-treated MKþ /þ
or MKa3 cells (Figure 3c, and data not shown); thus,
the results in Figure 4 indicate that a3b1-mediated FAK
activation is not sufficient to cause keratinocyte spreading
and that src kinase activity is also necessary. These findings
are consistent with studies of src/yes/fyn-null fibroblasts, in
which restoring expression of wild-type src, but not
catalytically inactive src, restored cell spreading (Cary
et al., 2002). Results in Figures 3c and 4 further show that
src-dependent cell spreading is not required for FAK Y397
phosphorylation, indicating that a3b1-mediated activation of
FAK (Figure 2) precedes cell spreading. The latter finding is
consistent with a previous report that a3b1 binding to soluble
LN-5 can enhance FAK Y397 phosphorylation in the absence
of cell spreading (Shang et al., 2001). Taken together, results
in Figures 1–4 suggest that a3b1-LN-5 interactions induce
coordinated FAK/src signaling that permits polarized kerati-
nocyte spreading.
Adhesion-mediated stimulation of src kinase activity occurs
independently of a3b1 in keratinocytes on LN-5
The crucial role of src kinases in regulating the consequences
of FAK auto-phosphorylation raises the question of whether
adhesion regulates src kinase activity in MK cells. Tyrosine
3 3/GFPGFP Phase
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k
l
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Figure 1. Continued
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phosphorylation at Y418 correlates with increased src kinase
activity, whereas tyrosine phosphorylation at Y529 can
negatively regulate src kinase activity (Schwartzberg, 1998).
MK cells showed enhanced Y418 phosphorylation when
adhered to LN-5 ECM or purified LN-5, compared with cells
in suspension (Figure 5a). This adhesion-dependent increase
in Y418 phosphorylation was independent of a3b1 (Figure
5a). Phosphorylation of src Y529 appeared constitutive,
showing neither adhesion-dependence nor a3b1-dependence
when normalized to total src (Figure 5b). Thus, although a3b1
was not required for src kinase activation, it was required for
src-dependent phosphorylation of specific residues of FAK
(Figure 3), indicating that a3b1 regulates the ability of
activated src kinases to signal through FAK. These data also
indicate that src activation precedes a3b1-dependent MK cell
spreading, as MK/ cells showed src activation upon
adhesion to LN-5 (Figure 5), but they spread poorly on this
substrate within the time course of these assays (Choma et al.,
2004).
Inhibition of FAK/src signaling reduces activation of Rac1 in
keratinocytes on LN-5
a3b1-dependent activation of Rac1 is required for formation
of polarized lamellipodia by MK cells (Choma et al., 2004).
Phase Phalloidin
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PP2
DMSO
PP2
MK3
MK+/+
a
b
Figure 4. Inhibition of src kinase prevents keratinocyte spreading on LN-5.
(a) MKþ /þ cells or (b) MKa3 cells were plated on LN-5 ECM-coated
coverslips in the presence of DMSO or PP2 (5 mM) for 30 minutes. Cells were
fixed and F-actin was stained with tetramethyl rhodamine isothiocyanate-
labeled phalloidin; corresponding phase images are shown. Results are
representative of four separate experiments in MKþ /þ or MKa3 cells.
Bar¼10 mm.
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Figure 5. Adhesion to LN-5 increases levels of active src kinase
independently of a3b1. MKþ /þ , MK/, or MKa3 cells were either kept
in suspension, or plated on LN-5 ECM or purified LN-5 (20 mg/ml) for
30 minutes, as indicated. Immunoblot was performed with antibodies specific
for (a) phospho-src Y418, (b) phospho-src Y529, or total src. Experiments with
purified LN-5 were performed in duplicate; other results are representative of
at least four experiments.
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Figure 2. FAK phosphorylation at Y397, Y861, and Y925 is a3b1-dependent
in keratinocytes adhered to LN-5. MKþ /þ , MK/, or MKa3 cells were either
kept in suspension or plated on LN-5 ECM or purified LN-5 (20mg/ml) for
30 minutes. Immunoblot was performed with antibodies specific for FAK
phosphorylated at (a) Y397, (b) Y861, or (c) Y925, or with antibody against
total FAK. Experiments with purified LN-5 were performed in duplicate; other
results are representative of at least four experiments.
MK3
DMSO PP2
FAK 861 FAK 925
FAK 397
Total FAK Total FAK
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Total src
MK3
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MK3
DMSO PP2
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c d
Figure 3. a3b1-Dependent phosphorylation of Y861 and Y925 of FAK
requires src kinase activity. MKa3 cells were plated on LN-5 ECM in the
presence of DMSO or PP2 (5 mM) for 30 minutes. (a–c) FAK phosphorylation at
(a) Y861, (b) Y925, or (c) Y397 was assessed as in Figure 2. (d) The ability of
PP2 to interfere with src kinase activity was confirmed by immunoblot for
phospho-Y418, phospho-Y529, and total src protein. Results are representa-
tive of at least three experiments performed in MKa3 and MKþ /þ cells.
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Therefore, we tested whether inhibiting src or FAK leads to
reduced levels of active Rac1 in a3b1-expressing cells. MKa3
cells treated with PP2 showed a B5-fold reduction in levels
of active Rac1 compared to DMSO-treated cells (Figure 6a),
indicating a requirement for src kinases. Similarly, MKa3 cells
expressing GFP-FRNK showed a B4-fold reduction in levels
of active Rac1 compared with uninfected cells, and a
B3-fold reduction compared with cells expressing GFP
alone (Figure 6b), indicating a role for FAK. These results
support a model wherein a3b1 promotes lamellipodia
formation through activation of a pathway that involves
FAK, src, and Rac1.
a3b1-Dependent ERK1/2 activation is dependent on src kinase
activity but is not required for establishment of polarized
lamellipodia
ERK1/2 can be activated by integrins and has been shown to
regulate cell migration (Aplin and Juliano, 1999; Webb et al.,
2004). We therefore tested whether src kinase activity
regulates a3b1-dependent ERK1/2 activation. MK cells were
plated onto LN-5 ECM where ERK1/2 phosphorylation is
a3b1-dependent (Figure 7a) (Manohar et al., 2004). Incuba-
tion with PP2 completely abrogated a3b1-mediated activa-
tion of ERK1/2 (Figure 7b), demonstrating a requirement for
src kinase activity. However, src-dependent activation of
ERK1/2 was not required for extension of a polarized
lamellipodium, as polarized spreading of MKþ /þ or MKa3
cells was not inhibited by treatment with the MEK inhibitor
U0126 (Figure 8a and b). Inhibition of ERK1/2 activation by
U0126 at the concentration used was confirmed by
immunoblot for phosphorylated ERK1/2 (Figure 8c).
DISCUSSION
Cell polarization is an early phenotypic change visible in
activated epidermal keratinocytes at the wound edge (Singer
and Clark, 1999). Previously, we established a role for
integrin a3b1 in promoting Rac1-dependent polarization of
keratinocytes on LN-5 (Choma et al., 2004), a finding that
was recently confirmed in a study by Hamelers et al. (2005).
In the current study, we identified a novel role for a3b1 as
an activator of FAK/src signaling that occurs upstream of
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Figure 6. Rac1 activity requires FAK/src signaling. Following adhesion of
MKa3 cells to LN-5 ECM for 30 minutes, pull-down assays for active Rac1
were performed using GST fusion-protein corresponding to the PBD of PAK-1.
(a) Serum-deprived cells were cultured in the presence of either DMSO or PP2
(5 mM). Results are representative of three separate experiments. (b) Cells were
either uninfected (uninf.), or infected with adenovirus expressing GFP or GFP-
FRNK, as indicated. Results are representative of two separate experiments.
Levels of active Rac1 bound to GST-PAK p21-binding domain (top panels)
were quantified and normalized to levels of total Rac1 in the starting lysates
(bottom panels). The percent of active Rac1 relative to the corresponding
control (100%) is shown below each lane.
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Figure 7. a3b1-dependent ERK1/2 activation requires src kinase activity.
(a) MKþ /þ , MK/, or MKa3 cells were either kept in suspension or plated
on LN-5 ECM for 30 minutes. Levels of activated ERK1/2 were assessed by
immunoblot with an antibody specific for phosphorylated ERK1/2 (p-ERK1/2)
or total ERK1/2 (total ERK1/2). (b) MKþ /þ or MKa3 cells were plated on LN-5
ECM-coated coverslips in the presence of DMSO or PP2 (5 mM) for 30 minutes.
ERK1/2 activation was assessed as in (a). Results are representative of at least
three separate experiments.
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Figure 8. MEK/ERK activity is not required for polarized lamellipodia
formation by a3b1-expressing MK cells. (a) MKþ /þ or (b) MKa3 cells were
plated onto LN-5 ECM-coated coverslips in the presence of DMSO or U0126
(10mM) for 30 minutes. Cells were fixed and F-actin was stained with
tetramethyl rhodamine isothiocyanate-labeled phalloidin; corresponding
phase images are shown. Bar¼ 10mm. (c) MKþ /þ or MKa3 cells were treated
as in (a and b), and ERK1/2 activation was assessed as in Figure 7.
36 Journal of Investigative Dermatology (2007), Volume 127
DP Choma et al.
a3b1 Controls FAK/Src-Mediated Polarization
Rac1-dependent keratinocyte polarization. In normal epider-
mis, basal keratinocytes are anchored to the basement
membrane primarily through interactions of integrin a6b4
in hemidesmosomes with LN-5, rather than by a3b1
(Dowling et al., 1996; Georges-Labouesse et al., 1996; van
der Neut et al., 1996; DiPersio et al., 2000b). Upon
wounding, activated keratinocytes rapidly redistribute a3b1
to leading edge lamellipodia. They also begin to synthesize
and secrete LN-5 before initiation of cell migration, and they
continue to deposit LN-5 as they migrate over exposed
dermal collagen (Nguyen et al., 2000a). As previous work has
shown that keratinocytes deficient in LN-5 expression show
defective migration on collagen (Ryan et al., 1999), we
suggest that the interaction of a3b1 and newly deposited LN-
5 is a critical platform for enhancing FAK/src signaling in
activated keratinocytes. Importantly, other integrins that bind
to ligands in the provisional wound matrix, such as collagen
and fibronectin, can also activate FAK and regulate kerati-
nocyte migration (Giancotti and Ruoslahti, 1999; Pilcher
et al., 1999; Nguyen et al., 2000b; Watt, 2002), suggesting
that keratinocyte behavior/migration during wound healing is
likely to involve coordinated responses to both newly
deposited LN-5 and existing adhesion ligands in the
provisional ECM.
FAK was previously reported to organize into adhesion
complexes in the leading lamellipodium of a migrating
keratinocyte (Frank and Carter, 2004). However, to our
knowledge, a role for FAK in keratinocyte polarization has
not been described previously. Here we showed that
inhibition of endogenous FAK by either GFP-FRNK or GFP-
FAK(Y397F) promoted non-polarized, abnormal cell spread-
ing that included multiple, randomly oriented protrusions,
similar to abnormal spreading phenotypes described for FAK-
deficient fibroblasts (Tilghman et al., 2005). Recently, the
FAK/src signaling complex has become recognized as a
distinct functional unit that regulates integrin-dependent cell
functions (Playford and Schaller, 2004; Westhoff et al., 2004),
including cell motility and adhesion complex turnover in
migrating cells (Webb et al., 2004; Brunton et al., 2005). We
observed that in keratinocytes cultured on LN-5, FAK
phosphorylation at Y861 and Y925 was dependent on both
a3b1 and src kinase activity, and that Rac1 activation was
regulated by both FAK and src kinase. Taken together, these
data suggest that a3b1 regulates the ability of active src
kinases to interact with and signal through FAK (Figure 9).
This model assumes that the interaction of src kinases and
FAK is mediated by binding of the src SH2 domain with
phosphorylated Y397 of FAK (Schaller et al., 1994). It has
been suggested that FAK regulates src signaling in fibroblasts
by regulating the subcellular localization of src kinases
(Schaller et al., 1999), consistent with our observation that
mutation of the src-binding site on FAK (Y397F) leads to
aberrant cell spreading.
We observed that auto-phosphorylation of src at Y418 was
increased by keratinocyte adhesion to LN-5, but that this
occurred independently of a3b1. We have not determined
whether this event is required for a3b1-dependent phosphor-
ylation of FAK at Y861 or Y925, as phosphorylation at src
Y418 enhances, but is not required for, basal src kinase
activity (Schwartzberg, 1998). Nonetheless, as src activation
was independent of a3b1, yet FAK auto-phosphorylation/
activation and src-mediated phosphorylation of FAK were
dependent on the integrin, we conclude that a3b1 is required
for src to signal through FAK in keratinocytes adhered to
LN-5. The adhesion-mediated increase in src Y418 phos-
phorylation, and presumably kinase activity, appeared
independent of cell spreading, as a3b1-deficient MK/ cells
spread poorly within the time frame of src kinase activation.
We have not yet determined whether another integrin, such
as a6b4, is responsible for the adhesion-mediated increase in
src kinase activity.
Our previous studies showed that a3b1-mediated adhe-
sion to LN-5 promotes both keratinocyte survival via FAK and
ERK1/2 (Manohar et al., 2004) and formation of a stable
lamellipodium by a Rac1-dependent pathway (Choma et al.,
2004). Results from the current study begin to elucidate how
these distinct signaling functions of a3b1 may be integrated
through FAK. Migrating keratinocytes and invasive carcinoma
cells must not only undergo dramatic cytoskeletal rearrange-
ments to promote motility, but they must also engage
mechanisms that protect them from anoikis induced by
leaving an organized basement membrane for a provisional
wound matrix or tumor microenvironment that contains
unfamiliar ligands. Several groups have reported that ERK1/2
activation protects cells from anoikis (Schwartz and Assoian,
2001; Reginato et al., 2003), whereas the cytoskeletal
regulatory effects of small GTPases are well documented
(Nobes and Hall, 1999). As a multidomain signaling protein,
FAK is capable of stimulating both ERK1/2 and Rac1 activity
(Schlaepfer and Mitra, 2004), and the ability of FAK to
stimulate divergent pathways in migrating cells has been
proposed previously (Cho and Klemke, 2000). We found that,
whereas ERK1/2 and Rac1 are each regulated by a3b1 in
keratinocytes (Choma et al., 2004; Manohar et al., 2004), the
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Figure 9. Model for the role of a3b1-mediated FAK/src signaling in
keratinocyte function. Adhesion to LN-5 increases src kinase activity in MK
cells. In the presence of a3b1–LN-5 interaction, FAK is recruited to adhesion
complexes and auto-phosphorylated at Y397. Once auto-phosphorylated,
FAK recruits active src kinases to adhesion complexes, resulting in src-
mediated phosphorylation of additional sites on FAK and leading to activation
of ERK1/2 and Rac1 by divergent downstream pathways. Although ERK1/2
was not required for keratinocyte polarization (Figure 8), it can regulate
adhesion complex turnover in migrating epithelial cells (Webb et al., 2004)
and cell survival (Manohar et al., 2004).
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phenotypes that they regulate, cell survival and cell
polarization, do not appear to be interdependent. Indeed,
although both FAK and ERK1/2 signaling were involved in
keratinocyte survival (Manohar et al., 2004), in the current
study we found that ERK1/2 activity was not required for
formation of polarized lamellipodia. It remains possible that
ERK1/2 regulates keratinocyte migration subsequent to
polarization, as ERK1/2 has been shown to regulate adhesion
complex turnover (Webb et al., 2004).
FAK may promote Rac1 activation via its interactions with
p130cas, which can lead to activation of the Rac1 GEF,
Dock180 (Kiyokawa et al., 1998; Klemke et al., 1998). Indeed,
a3b1 binding to LN-10/11 was reported to activate a p130cas/
CrkII/DOCK180/Rac1 pathway in lung adenocarcinoma cells
(Gu et al., 2001), and we previously reported that phosphor-
ylation of p130Cas is regulated by a3b1 in keratinocytes
(Manohar et al., 2004). Alternatively, a recent study identified
a requirement for the Rac1 GEF, Tiam1, in keratinocyte
spreading and migration on LN-5 (Hamelers et al., 2005).
In summary, our results suggest a model in which adhesion
of a3b1 to LN-5 in migratory keratinocytes enhances the
ability of src kinases to signal through FAK (Figure 9). This
model places a3b1 in a role as a conduit for FAK/src signaling
in keratinocytes, where integrin-mediated recruitment and
auto-phosphorylation of FAK is a single essential event in a
process that is subject to significant upstream regulation, and
src kinases are important in regulating the consequences of
a3b1-dependent FAK activation. Once activated, FAK/src
signaling promotes distinct phenotypic changes required for
successful keratinocyte migration, polarized lamellipodia
formation and enhanced survival, that are dependent on
Rac1 and ERK1/2, respectively.
MATERIALS AND METHODS
Cell culture
Derivation of the MKþ /þ (MK-1.16) and MK/ (MK-5.4.6)
keratinocyte cell lines from wild-type and a3-null mice, respectively,
was published previously (DiPersio et al., 2000a). MK/ cells stably
transfected with full-length human a3 cDNA (i.e. MKa3 cells)
express high levels of a3b1 on the cell surface (DiPersio et al.,
2000a). MK growth medium consisted of Eagle’s minimum essential
medium supplemented with 4% fetal bovine serum (BioWhittaker,
Walkersville, MD) from which Ca2þ was chelated, 0.05 mM CaCl2,
0.4 mg/ml hydrocortisone, 5mg/ml insulin, 2 109 M T3, 10 units/ml
INFg (Sigma, St Louis, MO), 10 ng/ml epidermal growth factor,
100 units/ml penicillin, 100 mg/ml streptomycin, and L-glutamine
(Invitrogen, Carlsbad, CA). Stocks of MK cell lines were maintained
at 331C, 8% CO2, on dishes coated with 30 mg/ml denatured rat-tail
collagen (Cohesion, Palo Alto, CA). For experiments, MK cells were
subcultured on LN-5 ECM prepared from the SCC-25 squamous cell
carcinoma line, as described previously (DiPersio et al., 2000a). All
experiments and reagents described in this study were approved by
the Institutional Biosafety Committee of Albany Medical College.
Adenoviral infection of MK cells
Adenoviruses were constructed as described (Meadows et al., 2001)
using the AdEasy system (He et al., 1998). Cells were seeded onto
collagen-coated 10 cm dishes and infected for 24 or 48 hours.
Infection conditions were optimized to achieve GFP-FAK(wt), GFP-
FRNK, or GFP-FAK(Y397F) expression levels that were 5- to 10-fold
higher than levels of endogenous FAK. Adenoviral infection
efficiency was greater than 90% for all constructs, as assessed by
visualizing GFP-positive cells. Infected MK cells were subcultured
for fluorescence or signal transduction analysis as described below.
Fluorescence analysis and microscopy
MK cells were serum-deprived for 4–8 hours then trypsinized from
stock plates, resuspended in either serum-containing Eagle’s mini-
mum essential medium (4% chelated fetal bovine serum) or serum-
free Eagle’s minimum essential medium (0.5% BSA), supplemented
with 0.05 mM CaCl2, and pre-incubated at 331C for 30 minutes with
rotation before plating onto LN-5 ECM-coated coverslips at a density
of approximately 2.5 105 cells/coverslip. After 30 minutes of
adhesion, cells were fixed in 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, and blocked in 1% BSA. Staining for F-actin
was performed with tetramethyl rhodamine isothiocyanate-phalloi-
din (Sigma, St Louis, MO). Immunofluorescence was performed with
rabbit polyclonal antibody against a3 integrin subunit (DiPersio
et al., 1995) and Alexa Fluor 594 goat anti-rabbit secondary
antibody (Invitrogen, Carlsbad, CA). Cells were viewed on an
Olympus BX60 upright microscope. Images were generated using
SlideBook (Intelligent Imaging Innovation, Denver, CO) and
processed using Adobe Photoshop (version 7.0). For Figure 1k–m,
deconvolution was performed on single-plane images using the no-
neighbors function. To assess cell morphology (Figure 1), uninfected
or infected cells were plated onto LN-5 ECM-coated coverslips for
90 minutes in serum-free medium then stained with tetramethyl
rhodamine isothiocyanate-phalloidin, as described above. For each
sample, at least 70 spread cells from randomly chosen fields were
scored as either spread/non-polarized, polarized, or abnormally
spread, and the proportions of cells with polarized or abnormal
phenotypes were calculated as a percentage of the total number of
spread cells (see the text for detailed descriptions of phenotypes).
Scoring was performed in a blind fashion; n¼ 4 for each condition.
Statistical analysis was performed using Prism (GraphPad Software,
Inc., San Diego, CA).
Immunoblot analysis of adhesion-dependent signaling
Cells were either kept in suspension or adhered for 30 minutes to
LN-5 ECM or purified human LN-5 (Chemicon, Temecula, CA;
20 mg/ml in phosphate-buffered saline). For inhibitor experiments,
cells were treated during the pre-incubation period and after plating
with DMSO, PP2, or U0126 (Calbiochem, San Diego, CA) at
concentrations indicated in the figure legends. Cells were lysed in
Cell Signaling Lysis buffer (Cell Signaling Technology, Beverly, MA),
and 30 mg of total cellular protein was run on a 10% SDS-PAGE gel,
transferred to nitrocellulose, and probed with the following
antibodies: anti-FAK pY397, pY861, or pY925 (BioSource Interna-
tional, Camarillo, CA); total FAK (Upstate Biotechnology, Lake
Placid, NY); anti-src pY418, pY529, or anti-pan src (BioSource
International, Camarillo, CA); anti-pERK1/2 (Cell Signaling Technol-
ogy, Beverly, MA) or anti-ERK1/2 (Promega, Madison, WI); anti-
keratin 14 (Covance, Richmond, CA). Chemiluminescence was
performed using the SuperSignal kit (Pierce, Rockford, IL) and
quantified on a Fluor-S MultiImager (Bio-Rad, Hercules, CA) using
Quantity-One software.
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Rac1 activity assay
Levels of active Rac1 were determined using the Rac1 Assay Reagent
(Upstate Biotechnology, Lake Placid, NY). Serum-deprived MK cells
were plated for 30 minutes onto LN-5-rich ECM at a density of
approximately 1 106 cells/60 mm dish. For inhibitor experiments,
cells were treated with PP2 as described above. Cell lysates were
prepared in 250ml ice-cold Mg2þ Lysis/Wash buffer, and active
Rac1 was precipitated with PAK-1 p21-binding domain-agarose
conjugate according to the manufacturer’s instructions, solubilized
in reducing sample buffer, and subject to 12% SDS-PAGE. Starting
lysate (5 ml) was included as a loading control. Rac1 was detected by
immunoblot with anti- Rac1 (clone 102; BD Transduction Labora-
tories, San Jose, CA) and HRP-linked goat antimouse secondary
antibody (Pierce, Rockford, IL).
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